~/ Under controlled physiological conditions, fresh blood was injected into the cisterna magna of 10 adult cats to produce subarachnoid hemorrhage (SAH). Damage to the blood-brain barrier (BBB) was induced 30 minutes after SAH by the intracarotid injection of a 6 • 10-~M solution of mercuric chloride (HgC12). A control series of five cats received the same injection of HgCI2. Intravenously injected Evans blue dye was used to indicate areas of BBB damage. The lesions were confirmed by fluorescence microscopy. All control animals showed BBB damage in the hemisphere injected with HgC12. Of the animals in the test group with SAH, 90% were free from lesions. When lesions were present, the distribution differed from that in the control group. These results bear a similarity to the reported absence of HgC12 lesions during the acute stages after total cerebral ischemia. This suggests that the cellular components of the BBB participate in a general metabolic inhibition following SAH.
p
REVIOUS studies of the blood-brain barrier (BBB) and acute subarachnoid hemorrhage (SAH) showed that SAH did not of itself lead to BBB breakdown, and that it could inhibit the BBB damage that followed induced arterial hypertension. 11,53 Because we suspected that this might be due to a protective effect of vasospasm sparing the cerebral capillaries from the hypertensive insult, we decided to study the influence of SAH on the effects of a vasotoxic agent on the BBB.
Mercuric chloride (HgC12) in low concentrations is thought to damage the BBB by membrane enzymatic inhibition. ~2, 13 This agent provides a method of testing the protective effect of SAH on the BBB independent of perfusion pressure. We used this method in the study described here.
Materials and Methods
Experiments were carried out on 15 cats of either sex, weighing between 2.4 and 4.9 kg. The techniques used for anesthesia, artificial ventilation, vessel cannulations, temperature control, and monitoring of arterial blood pressure, intracranial pressure (ICP), and blood gases were the same as described previously. 11, 53 After the animals were prepared by endotracheal cannulation and connected to the respirator, they were turned prone and the head was placed in a stereotaxic head-holder. A craniectomy, 1 cm in diameter, was made over the left parietal lobe. This permitted the filling of the pial vessels by HgCI2 solution to be observed through the thin intact dura mater. Special care was taken during the bone removal to avoid damage to the BBB due to overheating by the electric drill. Four brass screws were placed symmetrically over the frontal and parietal lobes, about 6 mm from the midline. The anterior screws were inserted just behind the coronal suture on each side, and the posterior screws about 2.5 cm from that suture; these were connected to a Model 7 Grass polygraph.* Electroencephalography (EEG) was performed by means of bipolar leads between the frontal and parietal electrodes on each side.
FIG. 1.
Diagrammatic representation of the experimental set-up. 1: blood sampling for gasometry and pH measurements; 2: rectal thermometer; 3 and 7: common carotid artery cannula for perfusion, connected with pressure monitoring system (5); 4: cannula in the cisterna magna for blood injection under controlled pressure (5); 6: endotracheal cannula for controlling respiration; 8: electrodes for continuous encephalography recording; and 9: cranial window over the injected hemisphere. ICP = intracranial pressure; IP = infusion pressure; BP = blood pressure, EEG = electroencephalography.
The animals were divided into two groups. A control group of five cats received an intracarotid injection o f a 6 • 10-~M solution of HgCI2. The test group had an SAH produced 30 minutes before the HgC12 was injected as in the control animals. The animals that received SAH had the posterior aspect of the neck dissected, the cisterna magna cannulated, and the ICP recorded as already described 11,~5 (Fig. 1) . When the animals' vital signs and blood gases were stable, 4 ml of autogenous blood was injected through the cannula in the cisterna magna. The control animals did not have the neck dissected, nor did they receive a subarachnoid blood injection.
Cats from both control and test groups received an intravenous injection of 100 mg/kg body weight of a 2% solution of Evans blue dye in Elliott's B solution. 21 In the test group, this injection was givenimmediately after the subarachnoid blood injection. About 22 minutes after the Evans blue injection, the animals from E. W . P e t e r s o n a n d E. R. C a r d o s o both groups were turned on their right side, and the left common carotid artery (CCA) was cannulated using an Abbott Venocath-14 catheter.t The vessel was ligated proximal to the cannula insertion site. The catheter was not advanced any further than 1 cm distally to avoid occluding branches of the CCA with the cannula tip. Special care was taken to prevent ~flexion and rotation of the animal's neck. It has been shown that if these movements occur during injection, they will interfere with the flow of substances injected into the brain. 9 The intracarotid perfusion of HgCI2~ was begun in animals of the test group 30 minutes after the start of the subarachnoid blood injection. The HgClz solution was injected in the control group 26 minutes after Evans blue had been given. The solution was injected under constant pressure at about 10 mm Hg above the systolic blood pressure. The injection time was 45 to 60 seconds, and the amount injected varied from 60 to 100 ml. A solution of 6 • 10-SM HgCI2 was freshly prepared with normal saline, and warmed to body temperature. The pH was checked and found to be in the physiological range. The injection pressure was monitored by means of a P23Db Statham pressure transducer connected in parallel with the injecting catheter.w The blanching of pial vessels could be seen through the craniectomy, indicating effective perfusion.
Thirty minutes after the HgCI2 injection, the animals were exsanguinated through a right atrial incision and, after a quick intravenous flush with normal saline, in situ perfusion fixation was begun using 10% phosphate-buffered formalin. The perfusion was performed both through the ascending aorta and through the cannula that had been left in the CCA. The perfusion pressure was kept constant at the level of initial systolic arterial blood pressure. The total volume of formalin perfusate amounted to 1200 ml.
The procedures for removal of the brain and gross and microscopic examination have been described elsewhere. 11,~3 The EEG tracings were analyzed by a person who was unaware of the group to which the animals belonged.
Results
The results are summarized in Table 1 .
Control Group
The left CCA ligation did not cause any significant EEG changes in this group. A slight slowing and reduction in amplitude were observed in the EEG recording following the injection of HgCI2, with no lateralization to the injected hemisphere. All the control animals displayed BBB breakdown in the hemisphere ipsilateral to the HgC12 injection (Fig. 2 left) . The severity of the lesions varied from animal to animal. The stained areas were easily identified by inspection. They were well delineated, with a multifocal distribution and varied in size from punctate lesions to areas of extensive confluent staining, mainly confined to the cortex. In animals with more intense lesions, they were found in the white matter as well. The Evans blue-protein complex showed a red fluorescence under the fluorescence microscope (Fig. 3 left) . This involved the vessel walls as well as The fluorescence microscopic findings in areas with BBB damage caused by HgC12 perfusion displayed some differences when compared to the findings caused by acute hypertension, 11,53 as follows: 1) the "vascular labeling," due to deposit of tracer in the vessel wall, was much more evident in the HgC12-treated animals; 2) the extravasation of fluorescence material in the form of perivascular globules was seen only in HgClz-treated animals; and 3) the intensity of fluorescence displayed by HgC12-induced lesions was stronger than that displayed by lesions induced by arterial hypertension.
Test Group
Animals in the test group received a subarachnoid injection of blood, followed 30 minutes later by an intracarotid perfusion of HgClz. The ICP recording was discontinued just prior to left CCA catheterization because the animal had to be turned on its right side for left cannulation. This maneuver was usually accompanied by blockage of the cisternal catheter. The injection of 4 ml of blood was sufficient to cause diffuse spread of blood over the convexities, and a higher concentration in the basal cisterns.
The subarachnoid injection of blood was generally followed by a transitory amplitude decrease in the EEG. This was often more marked on the left side, and recovered a few minutes after the end of the injection.
Ninety percent of the animals in the test group showed no areas of BBB breakdown (Figs. 2 right and  3 right) . A weak blue discoloration was seen only in areas naturally devoid of BBB, such as choroid plexus, area postrema, and tuber cinereum. Breakdown of the BBB was seen in one single animal. The lesion was located deep in the brain, and displayed a well demarcated area of intense discoloration, which included the thalamus, hypothalamus, basal ganglia, and optic tract. Patchy small lesions were also present in the left occipital area.
Discussion

Experimental Model
Numerous experimental models have been used to evaluate the effect of intracarotid injection of BBBdamaging agents. 8,9,z5,38,39,~7-59 Cerebral changes sec-E. W. Peterson and E. R. Cardoso ondary to unilateral carotid injection have some species differences; 61,64,65 however, in these experiments, cannulation of the left CCA produced no changes in the EEG. The small size of the cats' internal carotid artery 17,37,43 made the CCA preferable for cannulation for perfusion.
Mercuric Chloride
Mercuric chloride is known to be a potent toxic substance. It has been demonstrated to have a high affinity for amino acids, proteins (both free and membrane-bound), purines, and pyrimidines. 68 Following intravenous injection, 99% of the HgCI2 in the plasma is bound to proteins. 66 It is believed that HgClz exerts its toxic effects on cell membranes by binding to their proteins. It possesses high affinity for the sulfhydryl (-SH) groups of cysteine. '~ This reaction probably accounts for the blockage of enzyme-mediated active transport mechanisms, a4,68 The inhibition by mercuric compounds of several enzymes, such as glucose-6-phosphatase, alkaline phosphatase, succinic dehydrogenase, and adenosine triphosphatase, has been reported? 3 Part of the cellular toxicity of mercuric compounds is probably due to organelle damage. Various patterns of mitochondrial injury have been described, associated with decreased mitochondrial enzymatic function. 18,70 Inhibition of enzyme activities and ultrastructural changes, such as those mentioned above, could be involved with the damage to the BBB by HgC12.
Interpretation of the Results
The results of the present experiments indicate that the increased vascular permeability induced by intracarotid perfusion of a toxic agent is modified during the 1st hour after SAH. From previous studies, 11,53 it seems reasonable to assume that the possible role played by vasospasm in directly preventing hypertension-induced BBB breakdown through the interference with hemodynamic variables was ruled out. The present findings seem to indicate that the alterations responsible for such results take place at the level of the microcirculation. Theoretically, there are two possible explanations for these events. There might be an indirect interaction of blood substances with precapillary vessels which would lead to secondary effects on the endothelial responses, or these substances could act directly upon the endothelial cells. These hypotheses are examined more fully as follows.
Primary Action of Blood Substances. Blood or clotting products could primarily affect the precapillary reactivity and, therefore, cause secondary changes in the endothelial cells. This hypothesis is based on clinical and experimental findings. The clinical material consists of focal ischemic areas, found during autopsies, in the cortex of patients who died from SAH not associated with vasospasm of major intra-cranial vessels. 2,15, 16 Smith 6z has stressed the curious selectivity of ischemic changes for the cortex. These observations correlate well with the experimental findings, following SAH, of multifocal areas of vascular filling defects in the cortical and central gray matter in dogs?
It has been demonstrated that acute arterial hypertension and carotid perfusion of HgCI2 fail to induce BBB breakdown immediately after reversal of total cerebral ischemia. 4~, 47,v6 This is a transitory phenomenon, 6a noticed only when the insult is severe enough to cause flattening and suppression of pyramidal electrical responses in the EEG. 39,4~ Lesser degrees of ischemic injury do not interfere with the BBB response? 9 Similar findings have also been noted by SI Rapoport, et al. (unpublished data, 1976) . Thus, in the absence of significant EEG changes in our animals, ischemia is ruled out as the mechanism responsible for the lack of BBB breakdown. However, the existence of a common pathophysiological mechanism between ischemia and SAH could still be possible. Experimental and clinical SAH seem to give rise to generalized inhibitory mechanisms, including neuronal electrogenic activity ~2 and cerebral metabolism. z2,23 Inhibition of the endothelial cell metabolism may be suggested as a manifestation of this inhibitory action by subarachnoid blood. In fact, inhibition of pinocytosis across the endothelial ceils of the arachnoid granulations, induced by experimental SAH, has been demonstrated (Jane JA: personal communication, 1978). Similarly, the absence of BBB leakage, after the association of HgClz injection and SAH in our animals, suggests that the increased pinocytosis across the cerebrovascular endothelium, usually induced by HgC12 injection, has been inhibited.
Interaction of Blood Substances with Endothelial
Functionally, the endothelial cells of the arachnoid granulations bear some resemblance to the endothelial cells of the cerebral microvasculature. They both constitute the interface between blood on one side, and the well protected extracellular environment of the central nervous system (cerebrospinal fluid and extracellular space) on the other side. An increased pressure gradient across these endothelial cell layers leads to enhanced formation of pinocytotic vesicles. This occurs in the cerebrovascular endothelium after arterial hypertension, 27,a2,49,~5 and has been reported by Domer 2~ and Jane (personal communication, 1978) in the endothelial cells of the arachnoid granulations following intracranial hypertension. 2~
One can only speculate on the mechanism by which blood substance breakdown products or coagulation factors could possibly interfere with the endothelial cell function. Pinocytosis across the cerebrovascular endothelium seems to be dependent upon the concentration of cyclic adenosine monophosphate (cAMP). 4z,7z Decreased cAMP inhibits BBB breakdown, aa and therefore lowered levels of cAMP in the endothelial cells may be postulated as the mechanism responsible for the failure of damaging agents to induce BBB breakdown after SAH. This is in agreement with the findings suggesting lowered cAMP following SAH. 24,54
Conclusions
The results of the present study seem to reinforce the concept that the presence of blood in the subarachnoid space induces a generalized dysfunction of the central nervous system. This has been repeatedly confirmed by other authors, using different methodologyJ ,4,22,2a,34,a5,52,62 These changes most certainly play a role in the encephalopathy that follows SAH.
Results regarding the properties of the BBB during the acute stage following SAH should probably not be extrapolated to the chronic stage. There is evidence suggesting that the endothelial cell response to unfavorable conditions is time-dependent, a,41,5~ Longer periods of observation of arachnoid granulation cells after SAH 71 and vascular endothelium after ischemia 5',6a,76 have shown variations in their permeability. By analogy, the properties of the BBB following SAH might afford different results under longer periods of observation.
